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Abstract
Absolute differential cross sections as a function of angle.

for the elastic scattering of protons from 12C and for the inelastic .
scattering reaction 1ZC(p,p')12c* (0 = -4.43 MeV) were measured at
incident proton energies Ep = 8,20, 9.100, 9.113, 9.121, 9.127,
9.130, 9.138, 9.150, 9.160, 9.201, 9.222, and 9.264 MeV. Complex
phase shifts were obtained to represent the elastic scattering
cross sections and the total inelastic cross sections. The complex
phase shift analysis has confirmed the g = 3/2" assignment at
the 8.20 MeV anomaly and 7/2  for the stronger state at the 9.14
MeV double anomaly. The weaker state of the doublet, which is the
lower in energy, has Jg" = 5/27, confirming the assignment by
Terrell and Bernstein. These assignments were used in a calcula-
tion which reproduced the features of the elastic scattering cross
sections as a function of energy over the 9.14 MeV doublet. An
examination of the behaviour of the phase shifts over the anomaly
revealed that the total phase shift for the fS/2 partial wave
does not pass through 90° whereas the total phase shift for the
f7/2 partial wave does pass throﬁgh 90°.
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I. Introduction ,

In a recent paperl) it was reported that the well-known
anomaly at 9.14 MeV in the elastic scattering of protons from
12¢ is caused by more than one state in 13N. The present paper
reports measurements made at eleven energies over this anomaly,
and also at one energy at the 8.20 MeV anomaly.

When the complex structure of the 9.14 MeV anomaly was first
observed, it was presumed that two levels were involved: the 7/27
state previously associated with this anomaly and the 9/2+ state
predicted by shell model calculationsz) but not seen experimentally.
Extensive efforts were made to fit the data With these assumptions,
but without success. Other positive-parity assignments to the
second state were also unsuccessful. Recently Terrell and Bern-
stein3) suggested that the second state had J = 5/2 , and the
assumption of a strong 7/2  state and a weaker 5/2° state has
produced'good fits to the data. Since the weaker state does not
appear in conventional p-shell calculationsz), it is presumed due
to two~nucleon excitation into higher shells.

It has been reported4) that the total phase shift for the
d3/2 partial wave over the 5.37 MeV anomaly in the elastic scatter-
ing of protons from !2C does not pass through 90°. In the present
experiment this phenomenon has been observed for the f5/2 partial
wave over the 9.14 MeV anomaly in the elastic scattering of protons
from 12C. - '

IT. Experimental Methods and Results

The experimental methods were exactly as described previouslyl’4).
Angular distributions for the elastic scattering and for the in-
elastic scattering reaction 12C(p,p')l2C* (Q = -4.43 MeV) were
measured at incident energies Ep = 8.20, 9.100, 9.113, 9.121, 9.127,
9.130, 9.138, 9.150, 9.160, 9.201, 9.222, and 9.264 MeV. The data
at the lowest energy are shown in fig. 1 and at the higher energies
in figs. 2 and 3. The r.m.s. errors are estimated as 4% for the
inelastic cross sections. Fig. 4 shows elastic cross sections at fixed

angles as a function of energy over the 9.14 MeV anomaly, taken
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3.
from reference 1). Fig. 5 shows the cross section as a function
of energy with arrows to indicate the energies at which the
angular distributions were taken.

A Legendre series has been fitted to the inelastic scattering
angular distributions and the necessary coefficients are shown in
table 1, together with the total cross sections implied. The
Legendre series are plotted as solid curves on figs. 1 and 3.

IIT. Phase Shift Analysis

The complex phase shifts which represent the elastic scatter-
ing angular distributions and the total inelastic cross sections
were obtained by the method previously describeds) and are shown
in table 2. The angular distributions calculated from the complex
phase shifts appear as solid and dashed curves on figs. 1 and 2,
and are in excellent agreement with the experimental data. The
phase shifts indicate that the 5/2° state lies below the 7/2°
state in energy. The nonresonant phase shifts in table 2 agree
quite well with those at nearby energiess). Fig. 6 shows the
partial scattering amplitudes for the f5/2 and f7/2 partial waves
in the complex plane and demonstrates graphically the behaviour of
the phase shifts over the 9.14 MeV anomaly. Fig. 8 shows the
phase shifts for the f5/2 and-f7/2‘partial waves as a function
of energy over the 9.14 MeV anomaly.

IV. Calculation of Cross Sections as a Continuous Function

of Energy

The diagonal elements of the collision matrix were approxi-

mated bys)

uj'(s) - ["‘; EXF(“"S;)]{“ g [exeeigy) - 1]}

where the term outside the sguare parentheses describes the pro-
cesses varying slowly with energy and the inside term describes
rapidly varying processes due to single level in the compound
nucleus. The values of the slowly varying parameters were chosen
to agree with table 2 and reference 5), and the rapidly varying
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parameter B was taken to have the usual energy dependence close
to a narrow level: B(E) = arc tg iT%igéT . The partial width a
was taken to be a constant for a particular level.

Using these expressions, cross sections were calculated as
a function of energy over the 9.14 MeV anomaly and are shown in
fig. 4. The parameters used for the two states are shown in table
3. It can be seen that the features of the experimental data have
been reproduced by the calculation.

V. Discussion

As mentioned in the introduction it was. found by the authors
that the data over the 9.14 MeV anomaly could not be reproduced by
a J" = 7/2° state and a positive-parity state. However, the
assignment J" = 5/2° to the second state, first suggested to the
authors by Terrell and Bernstein3), has been found to be consistent
with the data and is viewed with confidence. It can be seen from
fig. 3 that the inelastic angular distributions do not change
dramatically over the doublet, and in particular that the signs
of the coefficients of the Legendre polynomials Pl’ P3, and P5
remain the same. Thus these terms must be due to interference
between a resonant state and a nonresonant background of opposite
parity. Since interference between a 7/2 state and a 3/2+
background gives rise to a pure P3 term, the coefficient of the
P, term in the inelastic scattering angular distributions is
presumed due to interference between the 7/2 state and the tail
of the very broad 3/2+ state at 6.6 MeV. Interference between
a 5/2° state and a 3/2+ background is characterized by a strong
P, term. It can be seen from table 1 that the Py coefficient is
anomalous near the resonance energy of the weaker state. Fig. 4
.demonstrates that the 5/2 -7/2 assignment is consistent with the
elastic scattering data. Thus both the elastic and inelastic
scattering data are consistent with the 5/2° assignment. The
polarization data and cross sections of Terrell and Bernstein3)
are similarly consistent with this assignment.

2)

In Rurath's calculations of the negative parity states of
13N, all possible states for a given number of nucleons in the

1-p shell are formed. No 5/2 state appears with excitation

energy in the 10 MeV region. However, Kurath notes that excitation

of two nucleons from the 1l-p shell to the 1-d shell would give



5.
higher lying negative parity states. The 5/2° state is presumed
to be one of these
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Figure 1

Figure 2a,b,c

Figure 3a,b,c

Figure 4

Figure Captions

Absolute differential cross sections for the

elastic scattering of protons by !2C and the in-
elastic scattering reaction 12C(p,p")!2C* ,

(Q =-4.43 MeV) as a function of angle at Ep = 8,20
MeV. The points are the experimental data. The
dashed curve was calculated from the derived phase
shifts in table 2, and the éolid curve was calculated
from the Legendre series in table 1. Note the

elastic scattering cross sections have been dis-

"placed by 0.5 b/sr and the inelastic scattering

cross sections have been multiplied by 10.

Absolute differential cross sections for the elastic
scattering of protons by !2C as a function of angle
at the energies shown. The points are the experi-
mental data, and the solid and dashed curves were
calculated from the phase shifts in table 2. Note
that the cross sections have been displaced by the
amounts given in parentheses.

Absolute differential cross sections for the in-
elastic scattering reaction 12C(p,p')!2c*

{(Q = —-4.43 MeV) as a function of angle at the
energies shown. The points are the experimental
data, and the so0lid curves were calculated from the
Legendre series in table 1. Note the cross sections
have been displaced by the amounts given in the
parentheses

Absolute differential cross sections for the

elastic scattering of protons by 12C as a function
of incident proton energy (lab system) at the angles
shown (centre-of-mass system). The points are from
ref. 1 and the solid curves were calculated as des-

cribed in the text.
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Figure Captions, continued

Figure 5

Figure 6a,b

Figure 7a,b

Absolute differential cross sections as a function
of energy for the elastic scattering of protons by
12c., The arrows in the figure indicate the energy
positions of the angular distributions.

a) Partial scattering amplitude for the f5/2
partial wave over the 9.14 MeV anomaly plotted in
the complex plane. The points are the derived phase
shifts in table 2. The solid line is a smooth curve
drawn through the points.

b) Partial scattering amplitudé for the f7/2 partial
wave over the 9.14 MeV anomaly plotted in the com-
plex plane. The points are the derived phase shifts
from table 2. The solid curve is a smooth curve
drawn through the points. )

a) Complex phase shifts for the f5/2 partial wave
over the 9.14 MeV anomaly. The points are the de~
rived phase shifts in table 2, and the solid curve
is a smooth curve drawn through the points.

b) Complex phase shifts for the f7/2 partial wave
over the 9.14 MeV anomaly. The points are the
derived phase shifts in table 2, and the solid curve
is a smooth curve drawn through the points.
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Table

2

Complex phase shifts which represent tge data

Ao Ay A7 % A At i A3
Ep + - + - + . - X

Aq Al ‘A7 A, A, A, A3

9.100 71.00 =-14.17 =-35.00 ~14.00 148.00 38.50 5.86 .0809

. 0" 0.83 0.95 0.75 0.76 0.74 0.88 0.92

9.113 71.50 =~14.50 =35.00 -14.50 146.60 .38.00 180.00 .0864
0.84 0.95 0.75  0.76 0.73 1.00 0.59

9.121 71.50 <14.50 -35.00 ~-14.50 146.12 38.00 174.36 .0524
0.84 0.95 0.75 0.76 0.72 0.99 0.46

9.127 71.00 =~14.00 ~35.00 ~-14.50 145.00 42.02 171.65 .0365
0.84 0.95 0.75 0.76 0.74 0.98  0.49

9.130 71.00 ~13.80 =~35.00 =15.39 150.80 53.78 160.00 .0579
0.85 0.95 0.74 0.76  0.73 0.82 0.59

9.138 72.00 ~-14.00 ~35.00 =-14.50 149.00 -48.93 170.97 .0469
0.84 0.95 0.75 0.76 0.74  0.92 0.56

9.150 71.00 -13.60 =~35.00 ~-16.00 151.00 81.13 159.93 .0679

' 0.85 0.95 0.75 0.73 0.70 0.62 0.59

9.160 72.00 =14.00 -35.00 =14.00 152.50 86.50 157.07 .0702
0.83 0.95 0.76 0.72 0.73 0.35 0.93

9,201 71.94 -16.00 ~38.00 =~13.00 148.00 141.78 165.00 .1114
0.87 0.93 0.77 0.70 0.76 0.37 1.00

9.222 72.00 -15.60 -37.00 ~13.32 148.00 173.28 158.11 .0885
0.84 0.97 0.77 0.76 0.70 0.40 1.00

9.264 73.00 =-13.00 =37.00 =~13.80 148.56 4.07 160.40 .0715
0.84 0.95 0.75 0.72 0.72 0.60 1.00
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Table 3.

Level Parameters in 13N

ks

Ep(MeV) J P(Ep)(keV) | A

9.145 5/2° 12 0.28
9.152 7/2” | 90 0.75
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